A new marine benthic Prorocentrum species from sandy habitats of South Brittany (northwestern France), P. consutum sp. nov., is described using LM and SEM and molecular phylogenetic analyses. Cells have a subcircular to broadly ovoid shape and are plainly flattened. They are 57-61 μm long and 52-55 μm wide. A central pyrenoid is present, and the kidney-shaped nucleus is positioned in the posterior region. In right valve view, the periflagellar area is deeply excavated, and the left valve forms a prominent apical ridge. The periflagellar area consists of nine platelets, and a small narrow collar is present around the flagellar pore. The ornamentation of this new species is very peculiar and is characterized by a ring of round areolae located at the periphery of the valves, each areola containing three or four pores. Apart from this ring of areolae, the cell surface is smooth and with scattered pores. Pores are not present in the center of the right or left valve. The intercalary band is generally narrow and faintly striated horizontally. The molecular phylogenetic position of P. consutum sp. nov. was inferred using SSU and LSU rDNA. In both analyses, this species branched with high support in the clade comprising species with a symmetric shape and appeared to be a sister group to that formed by P. lima and other tropical benthic species, such as P. arenarium, P. belizeanum, P. hoffmannianum, and P. maculosum.
Introduction
The genus Prorocentrum was erected by Ehrenberg in 1834, with P. micans as the type species. It comprises several species common in the plankton of the world's ocean and also benthic or sand-dwelling species that live in the sand or on macroalgae.
Originally, most benthic species were described in the genus Exuviaella Cienkowski, which lacks an apical spine or tooth and therefore, was distinct from Prorocentrum. The possible synonymy of the two genera was expressed by Abé (1967) and has long been discussed (Loeblich 1970 , Dodge 1975 , McLachlan et al. 1997 . In a revision of the genus Prorocentrum, Dodge (1975) formally made Exuviaella a junior synonym of Prorocentrum on the basis of ultrastructure studies and the number of chromosomes.
This proposition has been widely accepted, but McLachlan et al. (1997) presented arguments to reinstate Exuviaella for benthic, large, and often toxic species lacking an apical spine or tooth. However, these arguments have not been widely accepted although some new molecular data showed that two distinct clades early diverged in the phylogeny of the genus Prorocentrum (Grzebyk et al. 1998 , Murray et al. 2007 , Faust et al. 2008 .
During the last two decades, the number of described benthic Prorocentrum species has considerably increased, in particular in the tropical area where M.A. Faust discovered and described several new species in coral-reefs mangroves and lagoons of Belize (Faust 1991 , 1993a , 1993b , 1994 , 1997 , Faust et al. 2008 . In temperate, coldwater environments, the number of species seems relatively low but these areas have been comparatively little sampled (Dragesco 1965 , Larsen 1985 , Hoppenrath 2000a .
In France, the diversity of benthic dinoflagellates has been studied in north Brittany where several new taxa were described (Balech 1956 , Dragesco 1965 ) and we first investigated samples from two locations of South Brittany in 2003. Owing to the interesting diversity discovered, sampling has been carried out recurrently each summer.
In recent papers, we described new sand-dwelling taxa in the genera Sinophysis and Cabra from these places ). The present paper provides a detailed morphological study of a new benthic Prorocentrum species, P. consutum sp. nov., first discovered in sandy sediments in 2003, and then occasionally observed. In addition, a molecular characterization of this new species has been realized in order to analyze its phylogenetic position among other Prorocentrum species.
Materials and Methods

Samples collection
Sampling was performed at two sites located in South Brittany. Samples were collected at a site east of Moutons Island (47°46'00'' N, 4°00'00'' W) in the Glénan Archipelago and at another site east of Groix Island (47°38'00'' N, 3°27'44'' W) ). Sampling was carried out by SCUBA diving between 5 and 13 m water depth (at mid-tide) between June and September since 2003. Each sample was collected by scraping the top 3-5 mm sandy sediment with a 50 mL BD Falcon tube (BD Biosciences, San Jose, CA, USA) at two or three places in an area of about 1 m 2 . After a dilution with an equal volume of seawater, the samples were fixed either with acidic Lugol's solution for samples collected in 2007, or with 4% neutral formaldehyde for samples collected before.
Light and scanning electron microscopy
Individual cells were isolated from field samples and washed in distilled water using a micropipette under an Olympus IX51 (Olympus, Tokyo, Japan) inverted microscope.
Cells were transferred between a glass slide and a coverslip, and then examined in light microscopy (LM) with a Olympus BX51 upright microscope equipped with Nomarski Differential Interference Contrast (DIC) optics and a digital camera.
For scanning electron microscopy (SEM), cells were individually isolated and concentrated in 0.2 mL tubes containing distilled water and a drop of formaldehyde to prevent fungal development. Cells were filtered using polycarbonate membrane filters (Millipore, Billerica, MA, USA, GTTP Isopore, 0.22 µm pore size), rinsed in deionized water and prepared according to Chomérat and Couté (2008) . The examination of dinoflagellate cells was performed with a Quanta 200 (FEI, Eindhoven, The Netherlands) scanning electron microscope. In LM, cells were measured using a calibrated micrometer on the eyepiece, while SEM digital micrographs were processed with ImageJ software (Rasband 1997 (Rasband -2006 . SEM photographs were presented on a dark gray background using Adobe Photoshop CS2, v. 9.0.2 (Adobe Systems, San Jose, CA, USA).
DNA amplification and sequencing
After their identification, single cells of P. consutum were isolated from Groix Island Almost the full length of the SSU rDNA (approximately 1800 base pairs) was specifically amplified using primers 18S-FW and 18S-RV (Table 1) . For the LSU rDNA, primers 28S-D1R (Scholin and Anderson 1994) and 28S-1483R (Daugbjerg et al. 2000) were used to amplify expected fragment of approximately 1500 bp. PCR products were diluted in ddH 2 O (1/100) and 1 µL of the dilution was used as a DNA template for the second round of PCR. Several pairs of internal primers (Table 1) were used to acquire the complete sequences. The polymerase chain reactions for both rounds were performed in a Mastercycler Personal (Eppendorf, Hamburg, Germany) as follows: one initial denaturating step at 94°C for 2 min, followed by 45 cycles each consisting of 94°C for 30 sec, 54°C for 30 sec, and 72°C for 4 min, and a final elongation of 72°C for 5 min.
The PCR products were purified using the Wizard SV Gel and PCR Clean-up system (Promega) according to the manufacturer's recommendations. Then, they were sequenced directly using the ABI PRISM BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, Carlsbad, CA, USA). Sequencing products were purified by exclusion chromatography using the Dye Terminator Removal Kit (Abgene Ltd., Epsom, United Kingdom) and the sequences were determined using an automated 3130 genetic analyser (Applied Biosystems).
Sequences alignment and phylogenetic analyses
The SSU and LSU rDNA sequences obtained were aligned with other putative
Prorocentrum species and two outgroup (Scrippsiella spp.) sequences using Clustal W (Thompson et al. 1994 ) followed by refinement by eye with BioEdit version 7.0.0 (Hall 1999) . Genbank accession numbers of all sequences used are available in the supplementary material (Appendix S1).
Evolutionary models were examined for each data set using maximum likelihood (ML), Bayesian inference analysis (BI) and maximum parsimony (MP). The evolutionary model and parameters were selected after running ModelGenerator version 0.82 (Keane et al. 2006) . For both datasets, ModelGenerator indicated the need for a general time reversible (GTR) model with a gamma correction (Γ) for among-site rate variation and invariant sites (except for LSU rDNA) according to hierarchical likelihood ratio tests (hLRT), the Akaike Information Criterions (AIC1 and AIC2) and the
Bayesian Information Criterion (BIC).
Maximum likelihood analyses were performed using PhyML version 2.4.4 (Guindon and Gascuel 2003) , Bayesian analyses were run using Mr Bayes version 3.1.2 (Ronquist and Huelsenbeck 2003) and parsimony analyses with heuristic search were performed using PAUP* version 4 Beta for Windows (Swofford 2002 ).
Bootstrap analysis (1000 replicates) was used (for ML and MP) to assess the relative robustness of branches (bootstrap values, bv) (Felsenstein 1985) .
Initial Bayesian analyses were run with a GTR model (nst=6) with rates set to invgamma and nucleotide frequencies set to equal. Each analysis was performed using four Markov chains (MCMC), with two millions cycles for each chain. Trees were saved to a file every 100 cycles and the first 2000 trees were discarded. Therefore, a majority-rule consensus tree was created from the remaining 18000 trees in order to examine the posterior probabilities (pp) of each clade.
The consensus trees were edited using TreeView version 1.6.6 (Page 1996) . Two species of Scrippsiella were used to root the trees. The bests ML phylograms are showed with their robustness values for each node (ML, bv / BI, pp / MP, bv).
Results
Observations
Class Dinophyceae Pascher
Order Prorocentrales Lemmermann
Family Prorocentraceae Stein
Genus Prorocentrum Ehrenberg
Prorocentrum consutum Chomérat et Nézan sp. nov. (Figs. 1-4)
Descriptio:
Organismus photosyntheticus, circularis vel subcircularis in frontali aspectu, compressissimus in apicali aspectu. Longitudo : 57-61 µm ; latitudo : 52-56 µm.
Nucleus nephropsis in posteriori parte. Pyrenoides centralis. Valvae laeves, cum 90-107 areolis circumdatae ; areolae diameter : 0.8-1 µm ; areola cum tribus poris. Valva recta.
profunde indentata in apice; valva sinsitra cum apicali crista. Regio periflagellaris cum novem parvis lamellis constituta et cum duobus poris ; aliquae parvae lamellae utraequae ex parte tectae. Porus flagellaris cum tenui crista circumdatus. Valvae cum parvis poris dispersis sed absentibus in centrali parte. Intercalaris regio tenuis laevisque valde leviter transversus striata. nov. is generally narrow and faintly striated horizontally (Fig. 3I) .
The periflagellar area of P. consutum sp. nov. is triangular, located in a deep (ca. former platelets extend posteriorly and form a fin-like crest structure that partially hides the platelets located underneath, i.e. "b", and "c" (Fig. 4, B-D) . Therefore, the exact delimitation and the contacts of these platelets could not be determined from our observations. Platelet "a 2 " is the most difficult to observe since it is often hidden by the thick flange (tf) bordering the periflagellar area (Fig. 4 , A-C). The flagellar pore (fp) is elongated and surrounded by four platelets, namely "f", "g", "e", and "c" (Figs. 1B, 4 , B-D). Posterior margins of platelets "a 1 " and "d", and those in contact with the flagellar pore form a short collar encircling the pore area (Figs. 3E, 4D ). The accessory pore (ap) is partially observed and appears to be surrounded by the platelets "b" and "c" only (Figs. 1B, 4, . Some platelets are ornamented with areolae of variable depths. Platelet "a 1 " that is the largest of the series bears three deep areolae and a faint depression while other platelets have only one areola or depression (Fig. 4) .
Prorocentrum consutum sp. nov. is a photosynthetic species containing several chloroplasts and a starch-sheathed pyrenoid that appears as a central ring shape under LM (Fig. 2) . A large posterior kidney-shaped nucleus is situated adjacent to the pyrenoid (Fig. 2) . No investigation on the potential toxicity of this new species has been carried out in this study.
Phylogenetic position of Prorocentrum consutum as inferred from SSU and LSU rDNA sequences
For SSU rDNA, a fragment of 1787 base pairs was obtained using the primer pair 18S-FW and 18S-RV. The determined informative sequence between the two primers is 1746 bp long covering the near complete 18S rDNA. For LSU rDNA, a fragment of 1506 bp was obtained using the primer pair 28S-D1R and 28S-1483R. The determined informative sequence is 1465 bp long. For both markers, two sequences were determined from two independent cells and the identity between the two sequences is 100% for SSU as for LSU fragment.
The new phylogenetic relationships of Prorocentrum species were reconstructed based on two different sequence data sets: one included nucleotide sequences of nuclear partial SSU rDNA (1711 characters, 21 taxa), the second was a data set of partial LSU rDNA (967 characters, 25 taxa). Concerning molecular data of Prorocentrum consutum sp. nov., 1703 and 908 nucleotides for the SSU rDNA and LSU rDNA were used respectively in the phylogenetic analyses. The new sequences have been deposited in GenBank under accession Nos. FJ842379 for SSU rDNA, FJ842378 for LSU rDNA.
The resulting phylogenetic tree inferred from SSU rDNA indicated the existence of two major lineages within the genus Prorocentrum (Fig. 5) arenarium (Clade 2) (Fig. 5) . Two well supported groups were recognized in Clade 2, the first comprised P. levis and P. concavum and the second included P. consutum, P.
belizeanum, P. maculosum, P. lima and P. arenarium (Fig. 5) . The new species P.
consutum formed a sister clade to that represented by P. belizeanum, P. maculosum, P.
lima and P. arenarium (Fig. 5) . This position was supported by a posterior probability of 0.99 in BI but bootstraps values in ML and MP were 84% and 75%, respectively.
For the LSU rDNA phylogenetic analysis, the tree topology was similar to that found in the phylogeny inferred from SSU rDNA (Fig. 6) . Prorocentrum consutum appeared in Clade 2 and formed a sister clade to that represented by P. arenarium, P.
lima, P. hoffmannianum and P. belizeanum, as found in the SSU analysis. Its position was well supported by high bootstrap and posterior probability values (Fig. 6 ).
Consistency index (CI) determined by maximum parsimony analyses (MP) was 0.7518 and 0.7527 for SSU and LSU rDNA genes, respectively. Retention index (RI) was 0.8563 and 0.8868 in SSU and LSU rDNA analyses, respectively. These data sets are structured enough and exhibit low levels of homoplasy.
Discussion
Morphology
Compared with other benthic Prorocentrum species, P. consutum has very peculiar characters. It is among the largest benthic Prorocentrum species and is in the same size range than P. belizeanum (Table 2 ). Only two other species, P. foraminosum Faust and P. reticulatum Faust can reach about 60 µm or more in length, but their width is always lesser than 45 µm (Faust 1993b , Faust 1997 and are differently shaped.
Among benthic Prorocentrum species, the thecal ornamentation of P. consutum sp. nov. is very distinctive ( (Faust 1993b , Morton 1998 . Some species are reported with marginal pores on the periphery of valves (Table 2 ). In contrast, the theca of P. consutum sp. nov. is very peculiar, being smooth with a ring of areolae at the periphery of the valves. These areolae are mostly round, deep and with several pores at their bottom, which is distinct from any other known benthic Prorocentrum species. P. belizeanum, P. concavum, P.
hoffmannianum and P. sabulosum are uniformly areolated and possess round to oval areolae (Faust 1990 , Faust 1994 while P. ruetzlerianum has pentagonal-shaped areolae (Faust 1994) . However, the areolae of P. hoffmannianum and P. sabulosum are, respectively, 1-1.15 µm and 1-1.6 µm in diameter (Faust 1993a , Faust 1994 , which is larger than those observed in P. consutum. In contrast, the areolae of P. belizeanum and P. concavum are smaller, being respectively 0.66-0.88 µm (Faust 1993a ) with an average size of 0.8 µm (Faust and Gulledge 2002) . Contrary to areolate species in which not every areola has a thecal pore, all marginal areolae in P. consutum contain several pores. The presence of several pores in an areola is unusual and is yet only reported for P. hoffmannianum where some areolae contain two pores (Faust 1990, Fig. 17 ). In P.
maculosum, marginal pores were described as circular depressions with raised edges, pierced by much smaller pores (Faust 1993b ).
The overall arrangement of the periflagellar area of P. consutum shares some similarities with other species, such as a triangular periflagellar area located in a deep, V-shaped excavation of the right valve and an apical ridge formed by the left valve.
Prorocentrum belizeanum, P. hoffmannianum, P. lima, P. maculosum, P. sabulosum
and P. reticulatum possess both of these characters (Faust 1990 , Faust 1991 , Faust 1993a , Faust 1994 , Faust 1997 , Faust et al. 2008 whereas P. concavum and P.
foraminosum lack an apical ridge (Faust 1990 , Faust 1993b , Mohammad-Noor et al. 2007b ). However, owing to the deep excavation of the right valve, the apical ridge of P. consutum is very prominent, which is distinct from previously described species.
Moreover, this species possesses a narrow collar (or short flange) surrounding the flagellar area as in P. belizeanum, P. concavum, P. hoffmannianum, P. lima, P. maculosum, P. sabulosum (Table 2) and P. reticulatum (Faust 1993b , Faust 1994 , Faust 1997 ).
In comparison with the general scheme proposed by Taylor, the periflagellar area of P. consutum sp. nov. consisted in nine platelets instead of eight (Taylor 1980) . This is consistent with the results of Mohammad-Noor et al. (2007a) who found that P.
concavum (synonym P. arabianum Morton et Faust) possesses also one extra plate "a 2 "
between "a 1 ", "b" and "e". However, the platelets "b" and "c" in P. concavum are not located underneath an extension of "a 1 "and "d" as in P. consutum (Mohammad-Noor et al. 2007a) . Only the use of transmission electron microscopy and serial sectioning would allow to resolve the arrangement of platelets located underneath, as proposed by Zhou and Fritz (1993) and Mohammad-Noor et al. (2007a) . However this method requires cultures or a great number of cells and is hardly possible with rare specimens from field samples.
Molecular analyses and phylogeny
The phylogenies of Prorocentrum species inferred in this study using two different genes were similar and consistent with previous phylogenetic analyses using ribosomal genes that showed that the species fall in two major lineages (Grzebyk et al. 1998 , Murray et al. 2007 , Faust et al. 2008 , Hoppenrath and Leander 2008 , Murray et al. 2009 ). As suggested by Grzebyk et al. (1998) and Faust et al. (2008) , the two clades can be distinguished based on the morphology of the valves, in particular, whether the valves display a symmetry around a mid-valve line. Clade 1 of our analyses consists in asymmetric species or those with variable valve morphologies, while Clade 2 comprises symmetric species.
The position of P. consutum sp. nov. within Clade 2 including symmetric species, is confirmed by the phylogenies inferred from both SSU and LSU rDNA and is relevant with its morphological features. In the phylogenetic analyses, P. consutum is related to the benthic species P. arenarium, P. concavum, P. levis, P. lima, P.
belizeanum and P. hoffmannianum, which is consistent with the habitat of this new species. The branch length between P. consutum sp. nov. and the other species and its peculiar position in both phylogenetic analyses, forming a new sister-clade to the group of P. lima, confirmed unequivocally that its sequence is distinct from all other existing sequences and supports the establishment of this new species.
As emphasized by Faust et al. (2008) for SSU gene sequences, our results
showed that care should be given to the interpretation of the relationships among species from phylogenetic analyses since some molecular sequences can be doubtfully identified. In our LSU rDNA analysis, two sequences identified as P. arenarium were used but their position was surprisingly different in the resulting tree, which indicates either a considerable genetic variability among populations of this species or a possible misidentification of the organism. The sequence of P. arenarium isolated from Réunion Island (accession number AJ567456) is located in the clade comprising P. lima, as found for the P. arenarium sequence Y16234 in the SSU rDNA analysis. However, the other sequence from Malaysia (EF566747) grouped in the P. hoffmannianum / belizeanum clade. Since these two sequences diverge from 4.2 %, they can hardly belong to the same taxon or it may indicate the possible existence of a cryptic species.
In absence of additional genetic sequences and of a detailed morphological study of both populations, it is not possible to conclude. For this reason, it would be important that authors provide detailed pictures of the organisms in complement to the DNA sequences as it is obvious that there are confusions over species identification (Faust et al. 2008 ). In the same way, it is also important that the molecular data could be established on sequences long enough allowing the construction of reliable phylogenetic trees.
Ribosomal DNA genes have been widely chosen to infer phylogenetic relationships among Prorocentrum species but most studies included a unique genetic marker, either SSU rDNA (Grzebyk et al. 1998 , H. Zhang et al. 2005 , Zhang et al. 2007 , Faust et al. 2008 , Hoppenrath and Leander 2008 or LSU rDNA (C. , Mohammad-Noor et al. 2007a , Murray et al. 2007 ). Consequently, for several species only one ribosomal subunit sequence is known and, thus, they could not be positioned in phylogenies inferred from another marker. Our approach allowed us to include more species in the phylogenetic analyses and confirmed that P. consutum has a similar and well supported position in phylogenies inferred from SSU and LSU rDNA genes. Some authors argued that combined analyses of several genes can be superior to single genes analyses because they contain more phylogenetic information, and because certain taxa have a fast evolutionary rate in one gene and not in another, and so the use of both genes may mitigate the detrimental effect of a single divergent sequence (Gontcharov et al. 2004 , Murray et al. 2007 ). Due to the limited number of Prorocentrum species for which both SSU and LSU rDNA genes are sequenced, such an analysis was not possible in our study. Moreover, the use of other genes than those of the ribosomal operon, including mitochondrial genes such as cytochrome oxydase (cox 1) or cytochrome b (cob) genes, could be very useful and more powerful to infer dinoflagellates phylogeny, especially for closely related taxa (H. , Lin et al. 2006 , Zhang et al. 2007 , Murray et al. 2009 ). Nevertheless, sequences of these genes are available only for a few Prorocentrum species, mostly those of Clade 1 while they remain to be acquired for most of species of Clade 2. In a very recent work, Murray et al. (2009) obtained several new sequences and showed that the phylogenies inferred from nuclear ribosomal genes and mitochondrial genes were not congruent and could be difficult to interpret. It is obvious that not a single marker but a combination of several genes including nuclear and mitochondrial genes would better resolve the phylogeny of dinoflagellates. Such works are not yet possible for benthic Prorocentrum species and further studies should manage to include several genetic markers to increase the number of available sequences and allow combined analyses.
Contrary to previous phylogenetic studies inferred from the SSU rDNA gene which showed that Prorocentrum is probably polyphyletic (Grzebyk et al. 1998 , Saldarriaga et al. 2001 , 2004 ), a recent three-genes analysis demonstrated the possible monophyly of the genus (Zhang et al. 2007 ). However, this combined analysis included P. lima as the unique species of Clade 2. In the study made by Murray et al. (2009) , the phylogeny inferred from cox 1 gene suggested the monophyly of the group while nuclear ribosomal genes did not support this topology or were inconclusive. Thus, the monophyly of Prorocentrales is still in question and needs to be confirmed with the inclusion of several species in a multi-genes combined analysis. In this approach, if symmetric and asymmetric species appear to be located in different clades as in the phylogenies inferred from rDNA genes, the existence of the unique genus Prorocentrum will be in question and the reinstatement of the genus Exuviaella as proposed by McLachlan et al. (1997) for symmetric species could be reconsidered.
In conclusion, both morphological and phylogenetic analyses confirmed unambiguously that P. consutum sp. nov. is a new benthic Prorocentrum species. Its large size, shape and unusual valve ornamentation yet never reported in any described species, are good criteria that allow its identification.
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